This study evaluated the depth of cure (DOC) of packable and flowable bulk-fill resin-based composites (RBCs) including PRG (prereacted glass ionomer) and short-fiber materials. The materials were placed in a black split-mold with a 7 mm deep recess and cured at 700 mW/cm 2 for 20 s using a LED curing light. DOC was assessed using the ISO scraping and Knoops hardness tests. Data (n=5) were computed and analyzed using one-way ANOVA/Scheffe's post hoc test (p<0.05). ISO DOC ranged from 3.66 to 2.54 mm while DOC based on hardness testing ranged from 3 to 1.5 mm. For all materials, a decrease in hardness was observed with increasing depths. The DOC of bulk-fill RBCs was product dependent and greater than standard composites. At 4 mm depth, none of the bulk-fill RBCs had a depth: top hardness ratio of 0.8 and above.
INTRODUCTION
Due to increased aesthetic demands, fear of mercury toxicity and government regulations, the use of amalgam has declined significantly over the past decade. Resinbased composites (RBCs) have largely replaced dental amalgam as the direct material of choice for restoring posterior teeth. In addition to being light-polymerized, tooth-colored and repairable, the cavity preparations for composite restorations are also more conservative when compared to amalgam due to the use of micro-mechanical and chemical retention. Posterior composite restorations are, however, technical challenging and time-consuming to execute as they require incremental filling and lightcuring due to polymerization shrinkage and depth of cure issues 1, 2) . The incremental technique involves the placement, adapting and curing of composite materials in several layers of less than 2 mm increments each. Disadvantages of the increment filling technique include voids or contamination between composite layers, bond failure between layers and placement difficulty in small cavities.
To reduce some of the time and effort required for layering and adapting posterior composites, innovative bulk-fill RBCs that can be placed in a single increment have been introduced by several manufacturers. Through the use of novel proprietary resins, special modulators, unique fillers and filler control, these materials are claimed to have lower polymerization shrinkage and depths of cure of up to 4 mm. These bulk-fill composites may, however, be associated with increased shrinkage stress (especially the low viscosity flowable bulk-fills), increased internal gap formation, incomplete double bond conversion and lower physical and mechanical properties [3] [4] [5] [6] [7] . An ideal bulk fill material will have minimum polymerization shrinkage, a high degree of conversion ratio throughout, long term durability and curing up to the purported depth 8) . Studies investigating the depth of cure of bulkfill RBCs are still limited and none have explored the performance of recently launched bulk-fill PRG (prereacted glass) RBCs. The latter, also known as giomers, are based on PRG technology in which acid-reactive fluoride containing glass is reacted with polyacids in the presence of water, freeze-dried, milled, silanized, ground and used as fillers. In addition to fluoride release/re-charge, tooth demineralization inhibition and biocompatibility, these materials also possess antiplaque formation properties [9] [10] [11] [12] [13] . Bulk-fill PRG RBCs are available in both packable (Beautifil bulk restorative) and low (Beautifil bulk flowable) viscosities. Another new bulk-fill material that employs the use of novel short-fiber fillers (EverX Posterior) was also introduced lately. The short-fiber fillers are said to prevent and stop restoration fracture propagation, increase strength and contribute to shrinkage reduction. Depth of cure of 4 mm or more have been claimed by manufacturers of these new and other bulk-fill materials. Findings of previous studies have been equivocal with some reporting depths of cure over 4 mm 5, 7, [14] [15] [16] , while others conveying inadequate cure at 4 mm increments 6) . Depth of cure of bulk-fill materials have been found to vary with translucency and viscosity 3, 4) , both of which are filler dependent. The depth of cure of bulk-fill RBCs employing PRG and short-fiber fillers warrants investigation.
The objective of the study was to determine the depth of cure of the spectrum of bulk-fill composites using the ISO scraping and Knoop hardness tests. Depths of cure attained with the two techniques were also compared to confirm the reliability of the ISO 4049 method for bulkfill RBCs. Table 1 .
MATERIALS AND METHODS
A custom made black polyvinyl chloride mold with a recess 4 mm long by 4 mm wide and 7 mm deep was fabricated for specimen preparation (Fig. 1) . Five specimens were fabricated for each bulk-fill and standard RBC (n=5 per group). The mold was filled using a single increment and excess material was removed by compressing the mold between two glass slides (1 mm thick). The specimens were then cured for 20 s through the glass slide using the BlueShot LED curing light (Shofu) in normal mode. The curing light had a wavelength range of 440 to 490 nm and an exit window of 8 mm diameter. Before each use, the intensity of the curing light was measured (n=5) using an LED radiometer (Demetron LED radiometer, Kerr, Middleton, WI, USA). The mean irradiance was 700±0 mW/cm 2 . Mean irradiance (n=5) at the top of the composite surface (curing through the 1 mm glass slide) was also determined using the radiometer and found to be 592±10 mW/cm 2 .
Depth of cure by ISO 4049 method
Measurement of depth of cure by the scraping method was performed according to the ISO 4049 (2009) (International Organization for Standardization for polymer based restorative materials). Immediately after curing, the specimens were removed from the mold and the uncured part of the specimens were removed by scraping with a plastic spatula. The absolute length of the composite specimen was measured using a digital vernier caliper (ABS Digimatic, Mitutoyo, Kanagawa, Japan). The measured length was divided by two and was recorded as the ISO depth of cure.
Depth of cure by Knoop hardness method
Knoop hardness testing specimens (n=5 per group) were prepared as for the ISO scraping test. Immediately after light curing, specimens were removed from the mold and the two opposite surfaces along the depth of each specimen were polished using silicon carbide grinding paper (CarbitMet 2 abrasive paper, Grit P1000, Buehler, IL, USA). Micro-hardness (KHN) indentation testing was carried at the central area of the top surface (closest to the curing light) and on the two polished surfaces along the depth of each specimen using a digital microhardness tester (FM7, Future-Tech, Tokyo, Japan). A 50 gf load force was applied through the indenter with a dwell time of 15 s. The Knoop hardness number (KHN) corresponding to each indentation was computed by measuring the dimensions of the indentations using the formula:
Where F is the test load in kgf and d is the longer diagonal length of an indentation in millimeters (mm) .
The hardness along the depth of the specimens was profiled at 0.5 mm intervals, from the top surface to the bottom surface till no readings were possible (material was too soft to be indented). For each specimen, the measurements from the two side surfaces were averaged to get a representative KHN value at each depth. Depth of cure was set at least 80% of the top surface hardness, equivalent to a hardness ratio of 0.8 as advocated by other similar studies 4, 6, 15) . ISO scraping and hardness test data was analyzed using one-way analysis of variance (ANOVA) and Scheffe's post hoc testing at a significance level of 0.05. The StatView software (SAS Institute, Cary, NC, USA) was used to perform the statistical analysis.
RESULTS
The mean ISO depth of cure is reflected in Fig. 2 . ISO depth of cure ranged from 3.66 to 2.54 mm for EXP and ZFR respectively. Mean KHN at the top surface of specimens ranged from 39.06 to 24.24 for ZFR and SDR. With increasing depth, a decrease in hardness was observed for all materials. For the standard composites ZFR and ZFF, no hardness measurements were possible at 3 mm. For the bulk-fill materials, depth at which no hardness readings were possible ranged from 4 mm for BBR to 6 mm for EXP ( Table 2) . Results of statistical analysis are shown in Tables   3 and 4 . For all materials, KHN at the top surface was generally significantly greater than at depths of 1.5 mm onwards. Significant differences between the various depths were material dependent (Table 3) . Significant difference in KHN between various materials was depth dependent. At the top surface, ZFR was significantly harder while SDR was significantly softer than all the other materials ( Table 4 ). The flowable materials BBF and ZZF were also significantly harder than TNC and SDR. At a depth of 4 mm (the depth of cure claimed by manufacturers of most bulk-fill materials), EXP was significantly harder than BBF, TNC and SDR. No KHN readings could be obtained for standard composites (ZFR and ZFF) and for BBR. Table 5 shows the hardness ratio of the different materials and various depths. Based on a depth: top hardness ratio of 0.8, depth of cure ranged from 3 to 1.5 mm for BBR, BBF and SDR, and ZFF respectively. Depth of cure of the bulk-fill RBCs did not appear to be extensively influenced by filler type and volume (packable versus flowable viscosity). As seen from Fig.  2 , depth of cure derived from the ISO technique was greater than that obtained with microhardness testing with the exception of BBR. 
DISCUSSION
Depth of cure is defined as "the thickness of a resin that may be converted from a monomer to polymer given a specific light curing condition" 17) . The depth of cure serves as a reference for placing material increments, without compromising physical and biological properties of RBCs. Inadequately cured composites have reduced physico-mechanical properties and are cytotoxic to the pulp due to increased free monomer content [18] [19] [20] . The depth of cure of light-cured RBCs is dependent on several factors including material shade, filler particle type, size and volume, resin chemical composition as well as curing light intensity and time 4) . In the present study, variations in depth of cure can be attributed to material differences as material shade, curing light intensity and time were controlled. To enhance light penetration, A2 and universal shades were selected 6) . The power of the light source was set at 700 mW/cm 2 and a curing time of 20 s was used as this exposure time has been recommended for bulk-fill RBCs 21, 22) . The total light energy density (i.e. irradiance×time) employed was akin to or greater than that recommended by the different manufacturers notwithstanding the 1 mm thick glass slide. Clinically, the curing light tip may not always be so close to the restoration surface. Composite depth of cure was found to decrease as light tip to restoration separation distance increased for LED curing lights. The effect of increasing separation distance was, however, found to be less than anticipated 23) . In the present study, none of the bulk-fill RBCs demonstrated a 4 mm depth of cure for both ISO and hardness tests. Results corroborated those of Garcia et al. who reported bottom: top hardness ratios below 0.7 at 4 and 3 mm depths for different bulk-fill materials 6) . The bottom: top hardness ratio should ideally be 1 if a material is completely cured but a ratio of 0.8 is considered acceptable for standard and bulk-fill RBCs 4, 6, 15, 24) . The current findings were, however, in contrast to several others investigating the cure depth of bulk-fill composites 5, 7, [14] [15] [16] , that reported bulk-fill RBCs, especially the flowable types, to be sufficiently cured in 4 mm bulk. Disparities in conclusions may be attributed in part to differences in RBCs evaluated, type of hardness testing conducted (Knoop versus Vickers), force load and dwell time of the hardness indentor, hardness testing protocols including specimen design, preparation and storage conditions as well as specimen mold color. Light photon scattered within composites are absorbed by black-colored molds 25) . This may well explain the lower microhardness test values with increasing depth as compared to the use of white molds. Black colored molds, however, better represent the worst case clinical scenario where no light is transmitted through the sides of a tooth cavity e.g. restoration of an endodontic access through a metal crown.
Depth of cure ranged from 3.66 to 2.54 mm for the ISO scraping test and from 3 to 1.5 mm for the hardness test. With exception of BBR where the results of both tests were similar, depth of cure derived from the ISO technique was generally greater than that obtained with hardness testing. Flury et al. 26) . using the Vickers hardness test, concluded that the ISO 4049 scraping test overestimated the depth of cure of RBCs including bulk-fill ones. The difference between Knoop and Vickers hardness lies with the shape of indentors (elongated versus square pyramid form respectively). Knoop hardness is often used as a surrogate for degree of polymerization and has good correlation to the results of infrared spectroscopy 27) . For both ISO and hardness test methods, the standard composites (ZTR and ZFF) had the lowest depth of cure. The use of novel proprietary resins, special modulators, unique fillers and filler control, has enhanced the depth of cure of bulk-fill RBCs.
Based on hardness ratio of 0.8, the depth of cure of BBR, BBF and SDR (3 mm) was marginally greater than that of EXP and TNC (2.5 mm). If depth of cure was set at 70% of the top surface hardness (i.e. hardness ratio of 0.7), cure depths increased to 4 mm for SDR, 3.5 mm for BBF and EXP and 3 mm for TNC. SDR utilizes camphoroquinone as the photo-initiator while TNC contains Ivocerin, a germanium-based initiator. Ivocerin has a greater photo-curing activity than camphorquinone due to its higher absorption in the region of wavelengths between 400 and 450 nm 21) . The greater photo-curing activity of TNC may be mitigated by its higher filler content (due to light attenuation) when compared to SDR. The use of PRG fillers in BBR/ BBF and short-fiber fillers in EXP did not appear to negatively affect the depth of cure.
In addition to depth of cure, filler particle type, size and volume also affect clinical applications. Bulk-fill RBCs do not constitute a uniform class of materials. While some can be restored in a single layer (e.g. BBR and TNC), others require an overlay of standard composites (e.g. BBF, SDR and EXP). BBF and SDR are low viscosity flowable bulk-fill materials with relatively lower filler content. Filler concentration is known to influence hardness and other physico-mechanical properties of RBCs 28, 29) . To further reduce the viscosity of SDR, high viscosity Bis-GMA 17) was omitted from its formulation. Bis-GMA, which has five times the molecular weight of methyl methacrylate, offers extensive crosslinking which in turn increases hardness. The top KHN of SDR was hence significantly lower than all other RBC materials investigated. Hardness of the top surface of BBF was comparable to the standard flowable composite ZFF but lower than the standard restorative control ZFR. BFF and SDR should therefore not be subjected to high occlusal stresses. Though restoration strength may be potentially increased with short-fiber fillers in EXP, their use could result in greater wear and surface roughness if EXP is exposed intra-orally. An overlay of standard composites was recommended by its manufacturer.
Unlike BBF, SDR and EXP, both BBR and TNC can be restored in a single increment and loaded clinically. The hardness of RBCs generally correlates with filler volume fraction 28, 29) . This however did not hold true for BBR. Although BBR had the highest filler load (87% by weight), the hardness value for BBR was less than ZFR (78.5% by weight) at top surface. This may be attributed in part to the use of softer PRG fillers when compared to the harder zirconia/silica fillers employed in ZFR. Initiator/catalysts and monomer type also plays a significant role in determining the physical properties of RBCs 30) . The latter together with the use of barium glass and supplementary fillers may explain the significantly lower top KHN of TNC when compared to ZFR despite their similar filler concentration.
Further studies are required to identify the relationship between depth of cure of bulk-fill RBCs and its various dependencies including degree of conversion and cytotoxicity 31) . The long-term clinical behavior of these materials, either as a single increment or overlay restorations also warrants investigation.
CONCLUSION
The ISO scraping test generally resulted in greater depths of cure when compared to Knoop hardness testing. For both ISO and hardness tests, the depth of cure of bulk-fill RBCs was found to be product dependent and greater than standard composites. The hardness of bulk-fill RBCs decreased with increasing depth. None of the bulk-fill RBCs were able to achieve a depth of cure of 4 mm based on a depth: top hardness ratio of 0.8 and above. Based on the results of this study, bulk-fill RBCs should not be placed in single increments of more than 2.5 to 3 mm to minimize post-placement complications.
